The influence of excess Si on the precipitation behaviour in an Al-Mg-Si alloy was studied by means of Vickers microhardness tests, highresolution transmission electron microscopy (HRTEM) and differential scanning calorimetry (DSC). The metastable-phase precipitates formed during isothermal ageing up to the time to peak hardness were investigated from the viewpoints of the morphology, the density of precipitates and the change of the exothermic heat caused by the formation of precipitates in the DSC measurements. The changes in the density of precipitates and the exothermic heat with excess Si at peak ageing time showed a similar tendency to that of the peak hardness curves. Four exothermic peaks of meatastable-phase precipitates appeared in the DSC curves of the alloy specimens isothermally aged for a short time. It was revealed that the precipitates named type-1, -2 and -3 in this work, correspond to the exothermic peaks (1), (2) and (3), respectively.
Introduction
An Al-Mg-Si alloy containing excess Si is widely used as a structural material for applications such as transportation vehicles and construction. One reason for using this alloy for these applications is that the alloy has higher strength than an Al-Mg-Si alloy with a balance composition (Mg/Si ¼ 2=1). Since the mechanical properties of the alloy are significantly dependent on the microstructure, numerous studies were conducted using various techniques. Some previous studies examined the density of the precipitates for an Al-Mg-Si alloy containing several excess Si concentrations at the peak hardness by bright-field TEM observations, electrical resistivity measurements and specific heat measurements. [1] [2] [3] In recent years, a HRTEM study investigated an Al-Mg-Si alloy containing excess 0.4 mass% Si and reported the morphology and structures of the precipitates formed during isothermal ageing. 4) There remain, however, a number of ambiguities in the features of the stability of metastable phases, the evolution of precipitates and the influence of excess Si on the hardness, and so on. This work was intended to clarify the influence of excess Si on the morphology and thermal stability of metastable precipitates, through combined HRTEM and DSC measurements.
Experimental
The chemical compositions of the alloy used in this study are listed in Table 1 . Five Al-Mg-Si alloy specimens were examined in this work: B2, with a balance composition (Mg/Si ¼ 2 in atomic ratio), and S1-S4, with excess Si concentrations. Billets 75 mm in diameter were extruded at 773 K and the sheets were made by cold rolling. All test specimens were solution-treated at 828 K for 3.6 ks and quenched in ice water. The specimens were isothermally aged in an oil-bath at 483 K up to 60 ks.
The Vickers microhardness tests were conducted using a Shimadzu HMV-2000 tester with a load of 0.98 N. The DSC measurements were carried out using a Rigaku TAS300-8230D instrument with a heating rate of 0.17 K/s. A Topcon EM-002B microscope was used at 180 kV accelerating voltage. All HRTEM images were taken along the crystallographic h001i orientation in the Al matrices. Thirteen reflections were used to obtain the HRTEM images: the transmitted beam, four h200i and four h220i reflections symmetrically excited. The thickness of the specimens was separately estimated by the EELS (electron energy loss spectroscopy) experiments.
Results and Discussion

Vickers microhardness
We first examined how the Vickers microhardness changes during isothermal annealing in the Al-Mg-Si alloys with balance and excess Si concentrations. Figure 1 shows the Vickers microhardness (Hv) curves of specimens B2 and S1-S4 against ageing time.The hardness differs little in the asquenched condition. The hardness, however, increases with different increments for each specimen and the difference in the Hv value at the peak condition is considerable. Specimen S4 attains the highest Hv value of 120, but specimen B2 attains only 90. These hardness results confirm that the AlMg-Si alloy with excess Si is stronger than the balance alloy, although the contribution of the Si excess is not linearly related to the hardness. This tendency agrees with the result published by Kanno et al.
3) The time to the peak hardness decreases slightly as the excess Si concentration increases. Figure 2 shows a typical HRTEM image of precipitates formed in the S3 specimen aged at 483 K for 4.2 ks. The precipitate indicated by arrow (a) shows an irregular arrangement of black-white contrast inside the precipitate. However, three other precipitates are observed with a similar contrast and parallelogram lattice fringes, as indicated by arrows (b).
Careful HRTEM observations of the microstructures formed in specimens B2, S1, S2, S3 and S4, after ageing at 483 K up to the peak condition, revealed that the morphology of the precipitates could be classified into the same four types as the Al-Mg-Si with a balance composition, as shown in Fig. 3 . Based on the HRTEM observations shown in Fig. 3 , we specified the following four tyes of precipitate.
The type-1 precipitate is a very small particle approximately 2 nm in size. The particle shows a weak fringe contrast inside the grain. The precipitate categorized as type-2 has an ellipsoidal shape with irregular black-white contrast inside the grain. The size of the type-2 precipitate is 3 nm to 8 nm. The type-3 has a parallelogram shape, with lattice fringes mutually intersecting at an angle between 65 and 80 degrees. The size of the precipitate is nearly the same as the type-2 precipitate. The type-4 precipitate is the largest in size among the four types of precipitate (approximately 6 to 11 nm). This type of precipitate also shows clear lattice fringes, but the angle of intersection (60 degrees) is smaller than type-3. It should be noted that the majority of the precipitates gradually transformed from type-1 to type-4 during the isothermal annealing. Figure 4 shows the relationship between the excess Si concentration and the density of the type-2, type-3 and type-4 precipitates, for the specimens aged at 483 K to the peak condition. The density was estimated with a foil thickness of 40 nm, based on the data obtained by electron energy loss spectroscopy (EELS). The type-1 precipitate was no longer observed at the peak hardness time. The density ratio of the type-3 precipitate increases almost proportionally with the excess Si concentration, although the type-2 precipitate Type-4: in the S4 specimen aged at 483 K for 12 ks density ratio slightly decreases with the concentration. The total density of the specimens with excess Si concentration of about 0.2 to 0.6 at% showed about 2.2 to 2.9 times as large as that of the specimens with the balance composition. Figure 5 shows the DSC curves for specimen S3 in the asquenched state and after ageing at 483 K. The curve for the as-quenched specimen has three large exothermic peaks at approximately 350 K (peak K), 550 K (peak P) and 580 K (peak Q), and an endothermic peak at 490 K (peak L). Referring to the previous studies, 5-7) we attributed peak K to the formation of solute clusters, peak L to the reversion of clusters and peaks P and Q to two metastable phases. Figure 6 shows a part of the DSC curves for S3 specimens aged at 483 K for 0.06 to 4.2 ks. It is clearly seen that peaks K and L disappeared and peak P drastically decreased. Instead, two new exothermic peaks appeared after isothermal ageing for only 0.06 ks. We denoted the three peaks with the top temperature of approximately 450 K, 495 and 530 K as peak (1), peak (2) and peak (3), respectively, as indicated in Figs. 5 and 6. These three metastable phases have a different thermal stability due to the different top temperature of the peaks. These peaks continuously changed at similar temperature ranges as shown in Fig. 6 . The peak (1), peak (2) and peak (3) decreased to the minimum level after ageing for 0.6 ks, 4.2 ks and 4.2 ks, respectively.
Thermal stability
The ageing time of 4.2 ks corresponds to the peak hardness condition. On the other hand, the exothermic peak Q changed only slightly during the ageing period, as shown in Fig. 5 . This result strongly suggests that the metastable phase corresponding to peak Q is not formed under the present ageing conditions. Figure 7 (s) shows the HRTEM image of the microstructure of the S3 specimens aged at 483 K for 0.06 ks. Figure 7 (1), (2) and (3) were taken with the specimens heated up to the exothermic peak temperatures of peak top, 450 K, 495 K and 530 K, respectively, at a heating rate of 0.17 K/s in the DSC apparatus after isothermally ageing for 0.06 ks at 483 K. Two small type-1 precipitates are observed, as indicated by arrows (T1) in Fig. 6(s) . Figure 7 (1) shows that three type-1 precipitates are formed at 450 K, as indicated by arrows (T1). Figure 7 (2) and (3) confirm that type-2 and type-3 particles are precipitated, as indicated by the arrows (T2) and (T3).
We tried to estimate the density of the precipitates using HRTEM micrographs, since DSC measurements cannot afford structural information on the precipitates. Figure 8 shows the density of each type of precipitate, which was estimated by counting the number of the precipitates. Although more than two types of precipitate were sometimes observed simultaneously in the specimens heated up to each peak in Fig. 8 , the maximum density of each precipitate is observed, depending on the heat treatment. This fact suggests that the peaks (1), (2) and (3) are mainly caused by the formation of the type-1, type-2 and type-3 precipitates, respectively.
To quantitatively consider the relationship between the evolution of the microstructure and the change in the DSC curves, we examined the heat difference using the definition: ÁhðiÞ ¼ h b ðiÞ À hðiÞ, where h b ðiÞ and hðiÞ are the heat for an individual peak (i) of the specimen for the reference and the aged specimen, respectively. Figure 9 (a) shows a schematic drawing to consider the heat difference. The heat; hðiÞ appearing after isothermal annealing apparently shows the residue of the precipitation occurring during isothermal annealing. The difference in heat corresponds to the amount of the precipitates in the isothermal ageing. The heat; hðiÞ, however, resulted from the balance of the residual precipitation hðiÞ 1 and the reversion hðiÞ 2 in the DSC measurement. Following the above consideration, the negative balance possibly arose from the fact that the precipitation in the isothermal annealing was comparatively large and the reversion hðiÞ 2 surpassed the residual heat hðiÞ 1 , as shown in Fig. 9(b) .
The areas of peaks (1), (2) and (3), which are partially superimposed, were separated using commercial GRAMS/ 32 arithmetic computer software. We used the DSC curves of the specimen isothermally aged for 0.06 ks as the reference, DSC 530K Fig. 8 The density of the precipitates of each type for the S3 specimen heated at 0.17 K/s to each exothermic peak temperature in the DSC scan after isothermally ageing for 0.06 ks at 483 K. 2 ; heat corresponding to precipitates amount formed and reversed during DSC measurement, respectively
Fig . 9 The heat difference corresponding to precipitates amount formed during isothermal annealing; ÁhðiÞ.
in order to avoid the ambiguity of the peaks for the asquenched specimen. Based on previous studies on the balance alloy specimens, we expected that the portion of the precipitates formed during the isothermal ageing can be estimated from the heat difference ÁhðiÞ. 8, 9) Figure 10 shows the relationship between the heat difference and excess Si concentrations for the specimen aged up to the peak condition at 483 K. We could not estimate ÁhðT2Þ and ÁhðT3Þ for the specimens with excess Si concentrations less than 0.2%, because the separation of the exothermic peaks was too small. We noticed that the total heat difference (ÁhðT2Þ þ ÁhðT3Þ) gradually increased with the excess Si concentration, but reached a saturated level of approximately 0.3%. As far as the individual peak is concerned, the heat difference ÁhðT2Þ decreases with the excess Si concentration, but ÁhðT3Þ shows the opposite tendency. This result qualitatively agreed with the change in the density of the precipitates obtained from the HRTEM images shown in Fig. 4 . Moreover, the present result gives a reasonable interpretation of the fact that the increase in peak hardness reached a saturated level at excess Si of approximately 0.3%.
Thus, the present study revealed that four types of precipitate are formed during isothermal ageing in the AlMg-Si alloy with the excess Si concentration. The precipitates denoted by type-2 and type-3 are mainly responsible for the increase in the hardness of the Al-Mg-Si alloy. Further study is still needed to elucidate the details of the relationship between the precipitates type-2 and type-3. The present authors are intending to investigate the problem in future.
Conclusions
(1) The peak hardness increases with the excess Si concentration but is saturated at 0.3 mol%. ( 2) The present HRTEM observations revealed that four types of precipitate were formed in the Al-Mg-Si alloy with excess Si concentration. (3) The precipitates denoted type-2 and type-3 in this work are mainly responsible for the hardness, but the precipitate type-4 corresponding to the exothermic peak Q ( 0 -phase) does not contribute significantly. (4) The density of the type-3 precipitate considerably increases with the excess Si concentration, whereas the type-2 precipitate density decreases with the concentration. Aged up to the peak hardness at 483 K. Fig. 10 Relationship between the heat difference and excess Si for the specimens aged up to the peak hardness time at 483 K.
